Nondestructive testing technology is essential in the quality inspection of repair, alteration, and renovation of the existing engineering, especially for concrete structure in severe environment. The objective of this work is to deal with the behavior of ultrasonic velocity and mechanical properties of plain concrete and air-entrained concrete subjected to freeze-thaw cycles (F-T-C). The ultrasonic velocity and mechanical properties (tensile strength, compressive strength, cubic compressive strength, and splitting strength) of C30 air-entrained concrete and plain concrete with different water-cement ratio (water-cement ratio was 0.55, 0.45, and 0.50, resp.) after F-T cycles were measured. The influences of F-T cycles on ultrasonic velocity and mechanical properties of C30 air-entrained concrete and plain concrete were analyzed. And the relationship between mechanical properties and ultrasonic velocity was established. The experimental results can be useful for the design of new concrete structure, maintenance and life prediction of existing concrete structure such as offshore platform and concrete dock wall.
Introduction
For concrete structures during their service life, rapid decay may be caused by chemical, physical, and biological agents; then the service life will be shortened and more maintenance and repair costs will be used [1] . Such as concrete dams and hydraulic structures and so forth in cold environments. As one of the most important behavior of concrete materials, the durability [2] [3] [4] [5] [6] [7] of concrete involves resistance to frost, carbonation, permeation, chemical attack, stress corrosion, and so forth. The durability is defined as follows: "as a durable structure, serviceability, strength, and stability should meet the requirements throughout its working life. " For preventing the deterioration of concrete [8] in cold climates, freeze-thaw action should be taken into consideration in the design of concrete structures.
As the most important technical measure to improve the frost resistance of concrete, air-entraining agents [9] [10] [11] have been widely used in concrete engineering, especially in cold zone (such as the northern of China and Europe, arctic zone, etc.). Gokce et al. [12] discussed the freeze-thaw resistance when recycled coarse aggregate (the aggregate was produced from air-entrained concrete (A-E-C) and non-airentrained concrete (N-A-E-C), resp.) was added into A-E-C. The conclusion that freeze-thaw resistance was poor when recycled coarse aggregate made with N-A-E-C was used even when air entrainment proper in the new system was got. The freeze-thaw resistance of high performance self-compacting concrete made with non-air-entrained admixtures was investigated in [13] .
For concrete structures in service life, the deterioration was caused due to the chemical attack, environmental action (such as freeze-thaw action), and service loads. So it is important to accurately assess the service condition of concrete structures. The deterioration of concrete structures can be assessed by destructive testing technology and nondestructive testing technology (such as measurement of ultrasonic velocity and resonance frequency) [14] [15] [16] , but reduction in load bearing area will be caused when destructive testing methods were used. So the nondestructive testing methods were recommended to use when the service condition of concrete structure needs to be evaluated. Experimental study on the concrete samples containing artificial cracks with different depths and lengths was carried out the analytical studies based on the experimental results were compared by Shah and Ribakov [17] . The nonlinear ultrasonic testing of concrete in undamaged and damaged states was carried out by Shah and Ribakov [18] . The conclusion that nonlinear ultrasound was found to be very helpful in assessing degree of deterioration in concrete was got in [19] .
Mechanical behavior, microstructure, ultrasonic velocity of A-E-C, and plain concrete after F-T cycles according to GB/TJ50082-2009 [20] were investigated in this paper. Based on the experimental results of F-T cycle tests, F-T damage mechanics models of A-E-C and plain concrete were established through the methods of mathematic simulation and damage mechanics. . The major parameters and mix proportions of plain concrete with water-to-cementitious materials ratio of 0.45, 0.50, and 0.55 are given in Table 1 .
Experimental Procedures
The concrete mixtures were prepared in a mixer. After putting cementitious materials, fine aggregate and coarse aggregate, into the mixture, mixed the ingredients for about 1 min, and then added the water in 1minute. After all water was added, the mixing continued for about 2 min.
Test Specimens and Testing
Programs. The size of concrete cube is 100 mm × 100 mm × 100 mm (study for tensile strength, splitting strength, and compressive strength). The size of concrete prism is 100 mm × 100 mm × 400 mm (study for ultrasonic velocity and cubic compressive strength (cutting the specimen from the middle)). The samples were all casted in steel molds and removed from steel molds after 24 h. The samples were cured in a condition of 95 percent RH (relative humidity) and 20 ± 3 ∘ C until the age of 24 days. And then some of the samples were immersed into water for 4 days for experiment of F-T cycles, while others were cured until the age of 28 days.
In this experimental study, the F-T test apparatus [22] meeting the GB/T 50082-2009 requirement was used. The F-T cycle consisted of alternately lowering temperature of concrete samples from 6 ∘ C to −15 ∘ C and raising temperature of concrete samples from −15 ∘ C to 6 ∘ C, while lowering the temperature of antifreeze from 8 ± 2 ∘ C to −17 ± 2 ∘ C and warming from −17 ± 2 ∘ C to 8 ± 2 ∘ C all within 2.5∼3 hours.
Specimens were removed for experiment study at 25-, 50-, 75-cycle intervals for plain concrete and at 50-, 100-, 150-, 200-, 300-, 350-, and 400-cycle intervals for A-E-C. Stringent requirements on the stiffness of the servo hydraulic testing system or the control of the specimen deformation rate was required in the direct tension experiment because of the intrinsic brittleness of concrete. So the tensile tests were carried out in a triaxial testing machine [23] . The loading mode of direct tensile test in reference [23] was used. The loading mode of splitting test meeting JTJ 270-98 [24] was used. The compressive strength, cubic compressive strength, tensile strength and splitting strength of the specimens were monitored and recorded. At least, three samples for each batch should be tested.
Results and Discussions

3.1.
Microstructure. The scanning electron SEM microphoto graphs of plain concrete and A-E-C prior to F-T cycles and subjected to different cycles of F-T were given in Figures  1 and 2 , respectively. As shown in Figures 1(a) and 2(a), no crack between cement slurry and coarse aggregates as well as in cement slurry was found; the coarse aggregates did not split and the cement slurry is intact both for plain concrete and A-E-C (just as shown in rectangle in Figures 1(a) and 2(a)), and for A-E-C, the air bubble in the cement slurry is well proportioned and intact (just as shown in polygon in Figure 2 (a)). For A-E-C after 400 cycles of F-T, the cement slurry becomes loosen, the crack in the cement slurry is caused, the crack between cement slurry and coarse aggregates expands greatly (just as shown in ellipse in Figure 2 (b)), and the coarse aggregates and cement slurry are separated. While for plain concrete, only after 50 cycles, the crack in the cement slurry and between cement slurry and coarse aggregates is caused and even expands greatly (just as shown in ellipse in Figure 1 (b)).
The Compressive Strength and Cubic
Compressive Strength. The compressive stresses can be got by sharing the uniaxial compression load by the loading section area (0.01 m 2 ). Table 2 listed the data of the compression tests for C30 A-E-C after different cycles of F-T, respectively. Table 3 listed the data of the compression tests for plain concrete (W/C was 0.55, 0.50, and 0.45) after different cycles of F-T, respectively.
As seen from Table 2 , the cubic compressive strength and compressive strength decreased as F-T cycles increased. After the same cycles of F-T, the decreased percentage of the cubic compressive strength is larger than that of compressive strength for C30 A-E-C samples. After the action of 350 cycles of F-T, the cubic compressive strength of C30 A-E-C decreased to 55.9 percent of the initial cubic compressive strength, while the compressive strength decreased to 66.5 percent of the initial value prior to F-T cycles.
Besides, as shown in Table 3 , the cubic compressive strength and the compressive strength of plain concrete decreased with the number of F-T cycles increasing. Unlike A-E-C, the decreased percentage of the cubic compressive strength is smaller than that of compressive strength for plain concrete after the same cycles of F-T. For plain concrete of water-cement ratio 0.55, the cubic compressive strength after 50 F-T cycles decreased to 66.0 percent of the initial cubic compressive strength, while the compressive strength after 50 F-T cycles decreased to 50.6 percent of the initial compressive strength.
The effect of F-T cycles on the C30 plain concrete was studied in [25] . According to the experimental results in [25] , after 100 cycles of F-T, the compressive strength reduced to 63.7% of the initial compressive strength. 
The Tensile Strength, Splitting Strength of A-E-C, and Plain
Concrete. The cracking behavior of concrete is controlled by its tensile properties, while this property was always ignored or treated only in the design and analysis of concrete structure. An accurate analysis for concrete of the crack width and load-deflection characteristics depended on the performance of postcracking response. Therefore, the experiment study of concrete in the area of tensile property was carried out. Table 4 gives the experimental results of splitting and tensile strength of C30 A-E-C after F-T cycles on basis of the experimental results. As shown in Table 4 , the present test results indicated that for A-E-C after 400 cycles of F-T, the direct tensile strength was only 36.7 percent of the initial value, and the splitting strength decreased to only 55.16% of the splitting strength prior to F-T cycles. The loss rate of splitting strength is notably lower than the loss rate of tensile strength for A-E-C with the F-T cycles increasing.
The direct tensile strength of A-E-C was 10.1% and 6.9% of the compressive strength prior to F-T cycles and after 400 cycles of F-T, respectively. It means that, comparing to the compressive strength, the direct tensile strength dropped sharply as the F-T cycles increased. Reference [26] investigated the influence of F-T cycles on the mechanical behavior of high-strength concrete with air-entrainied agent. The experiment results of the tensile strength were only 4.2 percent and 3.4 percent of the compressive strength prior to F-T cycles and after 700 cycles of F-T, respectively. Table 5 gives the splitting strength and tensile strength of plain concrete samples with water-cement ratio 0.55, 0.50, and 0.45 after F-T cycles on basis of the experimental results. According to the experimental data in Table 5 , after 75 cycles of F-T, the splitting and direct tensile strength of plain concrete with water-cement ratio 0.55 were only 59.2% and 29.0% of the initial value, while, for plain concrete with water-cement ratio being 0.45, the splitting and direct tensile strength were only 61.3% and 32.7% of the initial value.
According to the experimental results of plain concrete in [27] , during the initial 25 F-T cycles, the tensile strength dropped sharply and the tensile strength after 25 F-T cycles decreased to about 58% of the initial value prior to F-T cycles. However, in subsequent F-T cycles, the phenomenon of continuing deterioration was observed, but the decreasing rate becomes smaller from 25 to 100 F-T cycles. And after 100 cycles of F-T, the tensile strength decreased to about 25% of the initial strength prior to F-T cycles. Namely, after the action of the first 25 cycles, the rate of reduction is lower with freezethaw cycles increasing. Reference [25] investigated the effect of F-T cycles on the splitting strength of C30 plain concrete. The experimental conclusion showed that splitting strength after 100 cycles of F-T decreased to 67.2% of the initial strength value prior to F-T cycles. Table 6 provides the reduced percentage of ultrasonic velocity measured on 100 mm cubic plain concrete samples with water-cement ratio being 0.55, 0.50, and 0.45 after F-T cycles.
The Ultrasonic Velocity.
As seen in Table 6 , the ultrasonic velocity reduced with F-T cycles being increased. For plain concrete with watercement ratio 0.45 and 0.55 after the action of 100 cycles of F-T, the ultrasonic velocity decreased to 30.8% and 61.65% of the initial value. There is a sudden descent stage for the plain concrete of water-cement ratio 0.45. After 100 cycles of F-T, the ultrasonic velocity decreased to 30.8% of the original value prior to F-T cycles. The diagram of the ultrasonic velocity loss versus number of F-T cycles was given in Figure 3 . Table 7 provides the reduced percentage of ultrasonic velocity measured on 100 mm cubic A-E-C samples after different cycles of F-T. According to the experimental results in Table 7 , the ultrasonic velocity of A-E-C after 100 cycles of F-T decreased to 97.68% of the initial value. It can be observed through comparing the results in Table 6 with those in Table 7 that, after the action of the same cycles of F-T, the reduced percentage of ultrasonic velocity of A-E-C was less than that of plain concrete. So it can be said that the F-T durability of plain concrete is poor than that of A-E-C.
Strength Loss.
The strength (tensile strength, cubic compressive strength, compressive strength, and splitting strength) loss and ultrasonic velocity loss of plain concrete with water-cement ratio 0.55 after different F-T cycles were shown in Figure 3 . The loss of tensile strength, splitting strength and cubic compressive strength compressive strength were 29.5%, 13.1%, 18.4% after 25 F-T cycles (the loss of compressive strength was 22.9% after 25 F-T cycles) and 71.0%, 40.8%, 40.0% after 75 F-T cycles, respectively. The loss of tensile strength was the largest compared to loss of other strength after the same cycles of F-T and the loss of splitting strength was the smallest. What is more, it can be realized from Figure 3 that the strength loss of plain concrete is synchronous with the loss of ultrasonic velocity after the action of freeze-thaw cycles. The strength loss and ultrasonic velocity loss of C30 A-E-C subjected to F-T cycles were given in Figure 4 .
The loss of tensile strength, splitting strength, cubic compressive strength, and compressive strength for A-E-C was 14.5%, 9.6%, 7.4%, and 1.5% after 100 F-T cycles and 42.4%, 23.5%, 38.3%, and 14.0% after 300 F-T cycles, respectively. Compared to the loss of tensile strength and cubic compressive strength, the loss of compressive strength was smaller, especially after the action of first 300 cycles of F-T. What is more, the conclusion that the loss of ultrasonic velocity for plain concrete is much more than that of A-E-C after the same cycles of F-T can be drawn according to Figures  3 and 4 .
It can be drawn that the effect of F-T cycles on tension behavior and compression behavior of A-E-C is different. But the reduction of compressive strength of concrete can be associated with the cycles of F-T, while the reduction of tensile strength of concrete should be associated with the occurrence of crack caused by F-T cycles.
For concrete material under the action of tensile loading, the initiation of new microcracks and growth of inherent micro-cracks will be caused. And this will result in the reduction of the load-carrying area and the increment of stress concentration at critical crack tips. The final result is the cracks to propagate further. If these cracks are not effectively prevented, failure of the concrete will occur.
As the basic representative value of mechanical behavior of concrete, the compressive strength is of vital importance to the application. Based on this, the relationship between the cubic compressive and ultrasonic velocity of plain concrete and C30 A-E-C can be established as follows: where is the cubic compressive strength of A-E-C and plain concrete after different cycles of F-T. is the decreasing percentage of ultrasonic velocity for A-E-C and plain concrete after different F-T cycles. , , and are the regress parameters. The regression coefficient such as 2 , SSE, RM, and used to judge the measure of accuracy was given in this study: 
where 2 was the determination coefficient, SSE was the sum value of squared error RM was the root mean value of square error, and was the mean absolute percentage error.
By computation, the results of 2 , SSE, RM, and are given in Table 8 .
3.6. Discussion. From the microscale, concrete is a threephase composite structure (aggregate, a cement matrix, and the interface or transition zone between above two materials). The distribution and direction of microcracks caused by F-T cycles are stochastic. Under the action of continuing F-T cycles, more serious damage will be caused by microcrack accumulation (mainly manifested as: the number of microcosmic cracks increase and the width of microcosmic cracks become broad) due to water pressure caused by F-T cycles. In another way, the initiation of new crack and growth of existing cracks under the action of tensile load, compressive load, and splitting load will reduce the load-carrying area. And the reduction of load-carrying area will lead the stress concentration at crack tips. At last, the deterioration of concrete (such as strength reduction, spalling) will be caused as F-T cycles were repeated.
On the other hand, billions of microscopic air cells were contained in A-E-C. The existence of microscopic air cells can relieve internal compressive pressure caused by F-T cycles through providing tiny chambers. So after the same cycles of F-T, the deceased percentage of strength of A-E-C is lower than that of plain concrete.
According to the experimental results in this paper and the experimental results obtained from other authors, the conclusion that the deterioration rate of durability of A-E-C is slower than deterioration rate of plain concrete can be got.
Conclusions
In the range of experimental works of plain concrete and A-E-C and discussion of the experimental results, the conclusion was stated as follows.
(1) The mechanical behavior of A-E-C and plain concrete decreased as the F-T cycles increased. After the action of the same cycles of F-T, the decreased percentage of the strength for C30 A-E-C specimens is larger than plain concrete specimens.
(2) For F-T durability deterioration, the first reason is the cracks caused by freezing of water, and the second reason is the action of thermal stress caused by repeated F-T cycles. The failure of A-E-C specimens should be attributed to the cracking of the paste.
(3) The F-T durability of plain concrete sample was poor (after 75 cycles of F-T cycles, the compressive strength loss of plain concrete (W/C = 0.45) exceeded 30 percent) according to experimental results, but the F-T durability of plain concrete can be improved greatly through adding air-entraining agent. It means that plain concrete can have higher F-T durability.
(4) According to the results, the F-T durability of concrete should be taken into consideration in design and maintenance of concrete structure.
